Research needs in precision farming (Holzhey, 1993) included research and development both to account for of the underlying empirical basis of the approach, geos-
T he current technology-driven interest in precicorrelation of some crop parameters to the landform sion agriculture has created increasing demand for type (Thomas and Cassel, 1979; Simmons et al., 1989) , agronomic knowledge. This knowledge, in the form of and descriptions of grain yield and spatial observations site-specific guidelines, recommendations, and simula- (Sadler et al., 1995; Sadler, 1998) . tion models, is both difficult and expensive to obtain on Explaining spatial variation using simulation models spatial scales appropriate for use in precision farming.
in precision farming was summarized by Sadler and These difficulties accrue for two reasons. First, classical, Russell (1997) , who listed several difficulties in applying replicated, empirical statistical methods are not well 1-D models to 3-D problems. Of these, some have been suited to address spatial problems. Further, the multiaddressed, such as the programming overhead of actude of causes and effects operating to create spatial complishing multiple runs. Others are more problemvariation within a field poses a challenge to even the atic, such as the scale of model application being much most advanced experts or simulation models. more resolved spatially than the scale of model development. One problem is that the causes of grain yield (Sadler et al., 1999) thus require additional measurements. An ideal crop on which to test this question is corn, known to be sensitive to timing of water stress (Shaw, 1988) . paired samples of four soil map units (mapped at 1:1200 scale) to determine if grain yield variation were suffiRepresentative Soils ciently explained to be of practical value to precision farming, and (ii) to extend this evaluation to include Two sites were chosen for each of four soil map units to provide comparison within and among soil map units. The data with greater spatial coverage.
MATERIALS AND METHODS
four soil map units were chosen to represent the range of soils within the field (Table 1) . Each of these eight sites was instrumented with time-domain reflectometry (TDR) probes three additional sites (Sites 9-11 in Table 1 ). The Noboco is similar to the Norfolk, but with a higher water table during part of the year. Expected productivity on these three map Figure 1 shows the positions of these sites within the larger units was similar to that of Norfolk. field. Surveying conducted after installation revealed that Site
From that time on, at all 11 sites, measurements were made 1, which was to represent GoA, was placed by error near the of phenology, biomass, leaf area, and yield components at boundary between GoA and Dunbar (Dn; clayey [revised various growth stages during the season. The phenology meaJuly 1999 to "fine"], kaolinitic, thermic Aeric Paleaquult).
surements were made by repeatedly rating 10 plants each However, the difference between these two units was less than direction in the same rows as the TDR sites (20 plants at between typical pedons of the two soils, and the two specific the three additional sites) for tasseling, silk emergence, and profiles were similar. All crop samples were taken from the blacklayer. Dates were recorded when 50% of the plants had GoA side of the site.
reached these developmental stages. Low rain, high temperatures, and high radiation during the On 7 June (57 DAP), plant height, leaf area, and biomass first 90 days after planting (DAP) (see Fig. 2 ) led to drought had been measured on 3.05-m samples of crop row at Sites 1 stress, which caused substantial differences in plant growth to 8. At that time, height was determined using a ruler placed and development. By mid-June, we had decided to analyze grain yield, growth, morphology, and yield components at on the soil surface (flat culture) and measuring to the top of plant tissue directly above the stem. At 50% silking, the same Plot Grain Yield Measurements measurements were taken on single 2-m samples of row at all 11 sites, but with height determined from the end of the stalk, Site-specific harvest plots were obtained similarly to earlier which had been cut at the soil surface, to the bottom of the years (Karlen et al., 1990) . Individual plots (ෂ18 m 2 ) were tassel. For the same 2-m samples, total leaf area was measured planned based on computer-aided drawings of the field ( 3) and were flagged in the field. Then, a field plot combine and total aboveground biomass was calculated as the mass of was used to harvest the corn. Plots were attributed to the tissue after drying for 3 d at 70ЊC. At this time, potential corresponding soil type from the map. Grain yields from the kernel number for each ear was found by multiplying the four harvest plots nearest to each of the 11 representative number of rows by the number of potential kernels in the sites were extracted for comparison. Relative yield was calcurows. At the time of the final combine harvest, two 3.05-m lated by dividing all plot yield data by the mean yield for the samples of row were hand-harvested to determine final yield field. Maps were produced by kriging with GSLIB geostatisticomponents. A mechanical sheller was used to thresh the cal software (Deutsch and Journel, 1992) . grain. Subsamples (ranging from 340 to 754 kernels) were dried for 3 d at 70ЊC; then kernel number and dry mass Data Analysis were determined.
The data collected in 1993 allowed an examination of variation in several physiological and physical characteristics of the Additional Spatial Measurements crop, both in space and across soil map units. The four paired samples of soil types allowed direct comparison between the Plant Height Measurements two sites per map unit using t-tests (SAS Inst., 1989) . For Corn growth was extremely variable because of the drought, transect measurements and plot grain yields, analysis of variso on 7 June, at the time of plant height measurements at ance was used with soil map unit as a class variable (SAS Sites 1 to 8, plant height was also measured at 10-m intervals Inst., 1989). Where possible in all tables, standard deviations, along the rows that included those sites (Fig. 1 shows tran- extremes, and the ratio between the minimum and maximum sects). On 23 June, heights were recorded for all plants monimeasurement are provided to document how much variation existed both in the samples and among soil types. tored for phenology at all 11 sites. 
RESULTS AND DISCUSSION
termediate values for all parameters. Conversely, Site 3 had moderately low rows ear Ϫ1 and the highest kernels Number of days from planting to tasseling, silking, row Ϫ1 , resulting in the highest value for kernels ear Ϫ1 . and blacklayer (Table 2) had ranges from 9 to 18 d, or
Site 9 had the lowest rows ear Ϫ1 and moderately low 11 to 15% of the maximums. As seen by later dates kernels row Ϫ1 , resulting in the lowest value for kerat the more stressed sites, stress delayed tasseling and nels ear Ϫ1 . silking. Sites 1 and 4, clearly visibly stressed during the Harvest yield components are given in Table 6 for early season, tasseled 8 and 9 d after Sites 9 and 10, each site. Populations are somewhat different than those chosen because they were not visibly stressed. Site 10 measured on 7 June with different sampling (see Table  had the earliest midsilk date; Site 4 was 13 d later. No 3), further documenting short-range variation in these clear-cut result was obtained for days to maturity.
parameters. Ear density ranged from 3.0 to 6.0 m Ϫ2 . If stress delayed silking and shortened the grainfilling This was more than the variation in plant density, meanperiod, as suggested by Shaw (1988) , differences in timing there was wide variation in the number of barren ing of maturity might be masked. Although differences plants (from 0 to 2.2 m Ϫ2 ). As seen in potential values in timing were relatively less than differences in other for yield components at silking, several of the values parameters, such subtle differences may prove imporare compensatory. Site 3, for instance, had the second tant. This is because most simulation models drive phehighest ear density, the highest kernel mass, and an nology primarily with air temperature. With air temperintermediate kernel number, resulting in the secondature typically a common input across soil types at a highest grain yield. On the other hand, Site 8 had interlocation, most models cannot account for differences mediate values for all yield components but kernel numin timing of maturity across soil types. Thus, a small ber, and the result was the highest grain yield. Sites 10 variation in timing may prove disproportionately imand 11 had the two lowest kernel mass and two of the portant.
three highest kernel numbers. Sites 2 and 4 had low Plant population, height, leaf area index (LAI), and kernel numbers, had intermediate to low ear densities biomass on 7 June are shown in Table 3 for Sites 1 to 8 (Sites 9-11 were selected after this sampling date).
and kernel masses, and produced the two lowest grain yields. These two sites also had the highest number of the sites within soils were not the same according to the barren plants, with 2.2 fewer ears m Ϫ2 than plants m Ϫ2 .
t-test at ␣ ϭ 0.05. This meant that ෂ1/3 of the resources were applied to Potential yield components, measured on 8 June, ilnonproductive plants. Timing of reduction in yield comlustrate both the soil-to-soil differences and the compenponents suggested variation in the timing of stress in sation observed in several of the parameters. For BnA the field. This is examined in a companion paper (Sadler and NkA, rows ear Ϫ1 were similar between sites within et al., 2000) that reports soil water content and subsesoils, but kernels row Ϫ1 were different, and the product quent crop response to water stress.
was different. For Cx, no parameter was significantly On 7 June, plant height varied widely on the field different between sites. For GoA, both components scale. Heights ranged from 0.48 m near Site 1 to 1.34 m were different, but because of an inverse relationship, near Site 10. The plant height variation within and the product was not different. Final yield components, among sites on 23 June (Table 7) illustrated the variation determined at harvest, were limited to n ϭ 2 at each site, in height observed over a distance of a few meters. Here, and the t-test appeared to lack the power to differentiate the heights were measured for all individual plants used between sites for soils. In only 4 of 28 possible comparifor phenology evaluation (n ෂ 20). In general, variation sons were the differences significant at ␣ ϭ 0.05. among map units appeared larger than that within map Two of those four significant differences, however, units, but the magnitudes were so similar that they rewere obtained for grain yield. In addition, when the duced confidence in comparisons among map unit.
four closest plot grain yields were tested with the t-test, three of the four comparisons indicated that the means
Evaluation of Within-Site Differences
were significantly different between sites within soil (BnA, Cx, and NkA). This occurred despite the limited Results of the t-test comparisons between sites within power of a t-test with just four measurements per site. soils are given in Table 8 . There were three separate sets of plant height measurements at each of Sites 1 to 8. For all three sets, at both Cx and GoA, the two sites
Evaluation of Transect and Spatial Data
within soils were significantly different at ␣ ϭ 0.05. For
Transect plant heights, measured on 7 June, included two of the three sets at BnA and for one of the three 125 data points on 11 soil map units. Analysis of variance sets at NkA, the two sites were different within soils. Overall, in 9 of 12 possible comparisons for plant height, using map unit as a class variable produced a significant relationship (Prob Ͼ F ϭ 0.0001) that explained 40% g m Ϫ2 dry mass with a range equaling 67% of the maximum. of the height variation on that date. That 60% of the variation was not explained is consistent with the obserVery little correlation was found among any simple combination of crop characteristics. Specifically, final vation above that 9 of 12 possible t-tests for plant height indicated that significant differences existed within soils.
number of kernels per ear was not dependent on potential number, on mass per kernel, nor on LAI at midsilk. Grain yield (155 g kg Ϫ1 moisture) for the 209 plots in the entire field averaged 2481 Ϯ 916 kg ha Ϫ1 and ranged As pointed out by a reviewer, the biomass and final grain yield information hints that harvest index might from 214 to 4849 kg ha Ϫ1 . Comparison of the soils map ( Fig. 1) and the kriged map from plot combine grain be a worthwhile candidate for modeling final grain yield after drought stress. yields (Fig. 4) suggests some, but not total, correspondence. Analysis of variance using map unit as a class variable was statistically significant (Prob Ͼ F ϭ 0.0007),
SUMMARY AND CONCLUSIONS
but the relationship could explain little grain yield variation (r 2 ϭ 0.155). Again, both the t-tests and analysis The season's results illustrate that not only is there of variance consistently indicated that variation within considerable variation in grain yield for this field, there soil map units was sufficiently large that soil map units is also considerable variation in how these yields were alone did not explain an appreciable amount of the achieved. Fully explaining the relationships among crop, grain yield variation.
soil, and weather that were represented in this severe These data indicated that corn growth under stress in test are almost certainly beyond classical statistical the southeastern Coastal Plain is quite complex. Under methods and may well be beyond the capabilities of drought stress, large differences are seen in most meacurrent process-level models. However, if such interactions are significant in the more typical, nondrought surable parameters, both within and among map units. Variation in LAI and biomass during vegetative growth case, then future modeling efforts should address these relationships to develop the knowledge base needed to on 7 June was very large-87 and 68% of the maximum, respectively. Also on that day, variation in height was fully implement precision farming technologies.
Aside from the complexities of the relationships obabout 50% of the maximum. By midsilk, variation in LAI had dropped to 62% of the maximum and in bioserved, the season's results conclusively prove that, despite the detail embodied in the 1:1200 scale soil survey mass to 44% of the maximum. Variation in potential kernel number was about 25% of the maximum obused, grain yield variation within soil map unit was too large for the soil survey alone to be used to create served. By harvest, the actual kernel number was, as expected, more variable-about 61% of the maximum.
homogenous soil management zones for use in precision farming in the southeastern USA Coastal Plain. These Minimum kernel weight and ear number per unit ground area were, respectively, 38 and 30% of the maximum.
results support the need for on-the-go measurements of soil properties and plant response that could be used Final grain yield at the 11 sites varied from 125 to 318
